Image segmentation is an important early stage in visual processing, in which the visual system groups together parts of the image that belong together, prior to or in conjunction with object recognition. Two principal processes may be involved in image segmentation: an edge-based process that uses feature contrasts to mark boundaries of coherent regions, and a region-based process that groups similar features over a larger scale. Earlier, we have shown that motion and colour interact strongly in image segmentation by the human visual system. Here we explore the nature of this interaction in terms of edge-and regionbased processes. We measure performance on a region-based colour segmentation task in the presence of distinct types of motion information, in the form of edges and regions which in themselves do not reveal the location of the colour target. The results show that both motion edges and regions may guide the integrative process required for this colour segmentation task. Motion edges appear to act by delimiting areas over which to integrate colour information, whereas motion similarities de¢ne primitive surfaces within which colour grouping and segmentation processes are deployed.
I N T RODUCT ION
Image segmentation is an important early stage in visual processing, in which the visual system groups together parts of the image that are likely to belong to the same object. In the natural world multiple cues to segmentation are usually present simultaneouslyöe.g. colour, motion, texture, and depthöany two of which are generally independent properties of objects. It is therefore important to determine how distinct cues interact in segmenting an image. Earlier, we showed in psychophysical studies that motion and colour interact strongly in image segmentation (MÖller & Hayhoe 1993; MÖller & Hurlbert 1997 ). In the latter study, we showed that di¡erent types of motion noise, spread uniformly across a stimulus in which colour cues only signalled the presence of a target ¢gure, could either facilitate or inhibit detection of the colour target. The form of these interactions, together with the presumed`early' pre-attentive nature of segmentation, support the hypothesis that the interactions occur at an early level before a global segmentation of the entire image is decided.
Here we explore in more detail the nature of the interactions between colour and motion segmentation processes, speci¢cally in terms of edge-based and region-based contributions. Although in one sense the latter two cannot fully be disentangled, since processes that ¢nd regions must also mark their boundaries, and closed edges necessarily de¢ne regions, there are clear distinctions between them in terms of theory and implementation. Edge-based segmentation processes rely on detection of local feature contrasts to segregate surfaces, while region-based processes exploit the similarity of features within surfaces to delimit them (e.g. Ballard & Brown 1982) . Traditionally, in the study of both animal and machine vision the emphasis has been on edge-based processes, from edge-detection algorithms (e.g. Canny 1986 ) to models of centresurround neuronal receptive ¢elds as Laplacian operators (e.g. Marr 1982) . Psychophysical studies of scene segmentation and feature pop-out have preferentially highlighted the role played by edge-based processes (e.g. Nothdurft 1994; Sagi 1991) , although evidence has recently emerged for region-based segmentation processes within individual cues, e.g. colour, motion (MÖller & Hurlbert 1996) , luminance (Mumford et al. 1987) , and texture (Caputo 1996) .
Recent successful segmentation algorithms for machine vision and models of biological vision combine edge-based and region-based processes, typically within the same cue (e.g. Chen & Lin 1997; Haddon & Boyce 1990; Zhu & Yuille 1996; Grossberg & Mingolla 1985) . Other algorithms use information from multiple attributes to localize edges (e.g. Poggio et al. 1988; Baraldi & Parmiggiani 1996) , or combine di¡erent types of segmentation process across modalities (e.g. Hurlbert & Poggio 1989 ).There are several advantages of combining information from di¡erent attributes and processes: for example, (i) noise and ambiguity in one cue may be alleviated or resolved by information from another; (ii) a sharp discontinuity in one cue may serve to delimit a region-based process in another cue; and (iii) the entire segmentation process may be speeded up by interactions between cues. The extent to which the human visual system combines information across modalities and processes to enhance image segmentation is still unknown.
Having previously established that there are both region-based and edge-based processes in segmentation by motion (MÖller & Hurlbert 1996) , and that motion information does in£uence segmentation by colour (MÖller & Hurlbert 1997) , we now ask explicitly whether this in£uence is via an edge-or region-based motion process, or both. In the following experiments, we use a colour segmentation task that is chie£y regionbased (MÖller & Hurlbert 1996) . In this task, detection and localization of the segmentation target relies solely on colour information which must be integrated over space. To the colour stimulus, we add motion information which in itself does not reveal the location of the colour target. We analyse the contribution of distinct motion processes to colour segmentation by comparing conditions in which (i) both motion edges and regions, (ii) edges only, or (iii) neither, are aligned with the colour target. One hypothesis we examine is that motion edges might guide the formation of colour regions by providing boundaries for colour integration.
. M ET HOD S
The stimuli were precomputed for the start of each session with a Silicon Graphics IRIS computer which also controlled the sequence of events during data collection. Images were displayed on a linearized EIZO £exscan T560i-T RGB monitor at a vertical refresh rate of 60 Hz.The three observers, supported by chin-rests, viewed the stimuli binocularly in a darkened room from a distance of 1.14 m. The stimulus was a 6.58 square grey ¢eld of luminance 1.0 cd m À2 (CIE chromaticity coordinates x y 0.33) displayed against a black surround. The square grey ¢eld was ¢lled with 2048 randomly positioned square dots, each with side length 3.9 min of arc and luminance 6.0 cd m À2 (see ¢gure 1a). The target was a 0.788 wide vertical band of dots appearing to the left or right of the midline, positioned with its most central edge at 1.438 from the central ¢xation target. Dot motion was generated by assigning each dot a particular velocity which determined its position in each precomputed frame. At the speed used of 2.48 s À1 , each dot moved 3 pixels (2.4') between frames.
(a) Colour parameters Target dots were distinguished from background dots by a di¡erent distribution of colours, and target detection thresholds were measured by varying the di¡erence between the two distributions. In all the colour segmentation measurements reported here, background dots were assigned colours from a broad rectangular distribution in colour space with a mean CIE chromaticity x value of 0.38 (range 0.28^0.48) and a mean CIE chromaticity y value of 0.35 (range 0.29^0.41) (see ¢gure 1b). Within the limits of the distribution, all colours had equal probability of being assigned to dots in the speci¢ed stimulus area. Target dots were assigned colours from rectangular distributions of which each had the same mean and range of CIE y values as the background distribution, but a di¡erent range [ AE 0.06] in-phase condition, the stimulus was divided into alternating upward and downward motion stripes, each uniformly moving with a speed of 2.48 s À1 . Each motion stripe had the same width as the colour target (0.788), with a total of 8.3 motion stripes in the stimulus. The boundary of the colour target was aligned with the motion discontinuities. The task was to detect whether the colour target was to the left or right of the midline. The motion information in itself conveys no information about the location of the colour target (see ¢gure 2a). (ii) In the broad^broad out-of-phase condition, the stimulus was divided into upward and downward moving stripes with the same width as the colour target, as in the inphase condition, but with the motion discontinuities displaced 1808 out of phase with the colour target. That is, the boundaries of the colour target were located at the middle of each neighbouring motion stripe (see ¢gure 2e). (iii) In the control condition, all dots moved upwards with a speed of 2.48 s À1 (see ¢gure 2c). In order to disentangle the e¡ects of motion edges and regions, we added two motion conditions in a second experiment. (iv) In the narrow^broad in-phase condition, half the motion stripes were broad (0.788) and the other half narrow (0.138), with the narrow motion stripes aligned with the edges of the colour target (see ¢gure 2b). All motion discontinuities were fully detectable, as veri¢ed by control experiments. (v) In the narrow^broad out-of-phase condition, the narrow motion stripes were displaced such that a narrow motion stripe was located in the middle of the colour target (see ¢gure 2d). The same speed values as in the above conditions were used, so that the local motion discontinuities were the same as in the broad^broad conditions.
(c) Timings and task
Observers performed a spatial two-alternative forced choice (2AFC) task using the method of constant stimuli. Data were collected separately for the ¢ve motion conditions. After initiating each trial with a button-press, the observers ¢xated on a small white cross that appeared in the centre of the grey ¢eld and were instructed to stay ¢xated there until each trial ended. After 500 ms the ¢xation point was extinguished and the grey ¢eld displayed for 300 ms, after which the target/background dot stimulus was displayed for 50 ms (three frames). The stimulus presentation was followed by a 250 ms blank interval (displaying the grey square ¢eld devoid of dots), followed by a mask for 67 ms. The mask was designed to interfere with further neural processing of the Motion and colour in image segmentation P. MÖller and A. C. Hurlbert 1573
Figure 2. Schematic drawing of colour-segmentation stimuli. The broad distributions de¢ning target and background areas are here represented by black dots for the target and white dots for the background. The colour target has the same width of 0.788 in all ¢ve motion conditions. In the actual stimulus there are approximately four broad motion stripes on each side of the midline. During the brief presentation of the stimuli observers ¢xated on the middle of the display. In (a) the stimulus is divided into alternating upward and downward moving stripes. Each motion stripe has the same width as the colour target, and their respective boundaries are aligned. In (e) the stimulus is divided into the same alternating motion stripes as in (a) but here the boundaries of the colour target are located at the middle of two neighbouring motion stripes. In the uniform motion condition, (c), all dots move upward with the same speed. In (b) the stimulus is divided into alternating narrow (0.138) and broad (0.788) motion stripes. The boundaries of the colour target are aligned with the boundaries of one of the broad motion stripes. In (d) the stimulus is divided into the same alternating motion stripes as in (b), but here one of the narrow stripes is located at the middle of the colour target.
stimulus, and consisted of 2048 dots of the same size as the stimulus dots, but with randomly assigned colours and motions. The mask duration was selected based on results from earlier experiments (MÖller & Hurlbert 1997) , and was kept constant throughout all the trials. When the mask was extinguished, observers had unlimited time to indicate, with an appropriate button-press, whether they perceived the target to the left or right of the midline. Each run of a particular experimental condition consisted of 20 trials per target signal value. At least ¢ve runs were completed for each condition, with a total of at least 100 measurements for each target signal value for each condition. We determined thresholds by ¢tting a cumulative Gaussian function using probit analysis to the raw per cent correct values as a function of target signal value. The threshold was chosen as the target signal value corresponding to 75% correct responses.
R E SU LT S
The results for all ¢ve motion conditions are shown in ¢gure 3 as 75% correct thresholds; the error bars show the standard errors of the mean. Despite interindividual di¡erences in absolute thresholds (observer AL performing worst in any one condition), all three observers show the same relative behaviour. Focusing ¢rst on the broad^broad motion conditions (bars a and e), we see that for each observer, the in-phase condition produces a signi¢cantly lower threshold than does the out-of-phase condition, with the uniform motion control threshold (bar c) in between the two. (Broadb road in-phase versus out-of-phase signi¢cance levels, for the three observers PM, AL, and MB, respectively: These results show that colour segmentation in this task depends on the motion state of the stimulus, and are consistent with the hypothesis that motion discontinuities are shared with the colour segmentation process. It is plausible that motion discontinuities act here by de¢ning boundaries within which the colour signals are integrated, yet the in-phase and out-ofphase stimuli di¡er not only in the placement of motion edges relative to the colour target, but also in the placement of similar motion signals within stripes. All dots within a motion stripe move in the same way and these dots are £anked by two motion stripes whose dots move in the opposite direction. It is possible that the similarity of motion signals within a stripe de¢nes the area over which to integrate colour information rather than the motion discontinuities alone.
The results from the two narrow^broad con¢gura-tions of motion stripes are therefore crucial in distinguishing between the in£uence of motion edges and regions on colour segmentation. In the narrowb road in-phase condition, the dots in the broad motion stripes £anking the colour target, have the same motion as those within the target, with the opposing motion signals localized to the edges of the colour target. Although the motion discontinuities in this con¢guration are essentially identical to those in the broad^broad con¢guration, the thresholds for the narrow^broad in-phase condition (bar b) are higher than those for the broad^broad condition (bar a) (signi¢cance levels for PM, AL, and MB, respectively: F 1,50 3.091, p50.085; F 1,40 9.452, p50.004; F 1,40 0.7273, p50.399). Thresholds in the broadb road out-of-phase condition (bar e) are larger than the narrow^broad out-of-phase thresholds (bar d). For two of the three observers these di¡erences were highly signi¢cant (signi¢cance levels for PM, AL, and MB, respectively: F 1,70 4.324, p50.297; F 1,48 23.7, p50.0001; F 1,40 11.56, p50.002). For all three observers, the narrow^broad in-phase thresholds are signi¢cantly lower than the uniform motion thresholds (PM: F 1,50 5.152, p50.028; AL: F 1,40 4.306, p50.045; MB: F 1,40 9.611, p50.004). Narrow^broad in-phase thresholds (bar b) are also lower than narrow^broad out-of-phase thresholds (bar d), although the di¡erence is signi¢cant for only one observer. (For observers PM, AL, and MB, respectively: F 1,50 11.03, p50.002; F 1,40 0.9497, p50.336; F 1,40 0.1011, p50.753). There is no consistent di¡erence across observers between the uniform motion thresholds and thresholds in the outof-phase narrow^broad condition.
. DI S C U S S ION
The results show that both motion edges and regions may guide the integrative process required for this colour segmentation task. (Motion in itself has no e¡ect on the task, in that colour segmentation thresholds for static stimuli are indistinguishable from those for the uniform motion condition.) The fact that thresholds for both in-phase conditions are signi¢cantly smaller than for the uniform motion condition demonstrates that motion edges are shared with the colour segmentation process, particularly in the narrow^broad in-phase condition, where only motion edges exist to facilitate colour segmentation. We surmise that the facilitatory e¡ect arises because the motion edges delimit an area over which to integrate colour information, which corresponds exactly to the colour target. The second experiment shows that motion regions also play a role: the thresholds in the narrow^broad in-phase condition are consistently higher than in the broad^broad in-phase condition. This result implies that the colour segmentation process is guided also by the similarity of motion signals within the broad stripes. In the narrow^broad in-phase condition, the motion similarity extends across the entire stimulus, interrupted only by the narrow motion discontinuities; hence, we hypothesize that colour signals are integrated or`smeared' across a larger surface than the target area. In the broad^broad in-phase condition, the motion similarity stops at the borders of the target area, where the opposing-motion stripes begin.
Conversely, when motion edges or regions are misaligned with the colour target, performance on the colour segmentation task is, in general, degraded. This e¡ect is weakest when only motion edges are misaligned with the colour targetöonly one out of three observers shows a signi¢cant decline in performance for the narrow^broad out-of-phase condition as compared with the narrow^broad in-phase condition. Thresholds in the broad^broad out-of-phase condition, on the other hand, are larger than thresholds in all other conditions (highly signi¢cantly so for at least two out of three observers for each comparison). We attribute this extreme degradation of performance on the colour segmentation task to the fact that in this condition both motion edges and regions are misaligned with the colour target. If motion edges supplied the only in£uence on colour segmentation, then we would expect comparable performance for the out-of-phase broad^broad and narrow^broad conditions, but in fact the former is far worse. When the broad^broad motion stripes are out of phase with the colour target, the dots in the colour target are divided between two areas moving in opposite directions. Half the dots in each of these two areas come from the target colour distribution, the other half from the background colour distribution. We hypothesize that integrating colour signals over these two areas leads to a weaker colour segmentation signal compared to the signals in both the uniform motion condition and the broad^broad inphase condition, causing higher colour segmentation thresholds.
These results suggest that motion-de¢ned surfaces may serve as primitive regions over which colour information is integrated, in agreement with earlier work (MÖller & Hurlbert 1997) . Our implicit assumption is that grouping of similar motion signals occurs more readily for nearby motion signals (stripes separated only by thin discontinuities in the narrow^broad condition) than for distant signals (stripes separated by broad regions of opposing motion in the broad^broad condition). Control experiments support this assumption: an odd-man-out broad stripe, in which dots move upwards faster than dots in all other upwards-moving stripes, is signi¢cantly more easily detected in the narrow^broad con¢guration than in the broad^broad con¢guration (in both conditions, all dots in the stimulus have colours drawn from the same broad distribution). Easier detection of the odd-man-out suggests that the broad stripes with similar motion group together more strongly in the narrow^broad con¢guration.
This interpretation of our results also assumes that motion discontinuity and similarity signals in£uence colour segmentation at an early stage. An alternative explanation is that the presence of the clearly visible motion discontinuities in all conditions allows observers to make eye movements and shift spatial attention to a roughly correct spatial location of the target, thereby bringing the target area into the fovea or spotlight of attention. But since the stimulus duration was only 50 ms and it takes about 200 ms to programme a saccade (Carpenter 1988) , eye movements cannot explain any of the e¡ects. Spatial attention, though, might be attracted to a strong motion discontinuity within 50 ms. We may also rule out this possibility, since in all stimuli, motion discontinuities were symmetrical with respect to ¢xation, excluding any selective Motion and colour in image segmentation P. MÖller and A. C. Hurlbert 1575 deployment of attention to the right or left of ¢xation based on their presence.
Furthermore, if the facilitatory e¡ects in the in-phase conditions are caused by enhanced attention, we would expect the same facilitatory e¡ect in the narrow^broad condition as in the broad^broad condition. We would also expect to ¢nd similar thresholds in the broadb road in-phase and out-of-phase conditions, since the motion discontinuities in these two conditions are displaced by only 0.398 relative to each other. This small di¡erence in eccentricity is not su¤cient to explain the large di¡erence in thresholds between the conditions. We therefore conclude that colour and motion signals interact at an early level during image segmentation. Both motion edges and motion similarities within motion regions facilitate the primarily region-based colour segmentation process studied here, even when the motion signals convey no information about the location of the colour target, as the stimulus design insures. These and other results (MÖller & Hurlbert 1997) suggest that motion similarities de¢ne discrete surfaces within which colour grouping and segmentation processes are deployed. Motion edges may mark boundaries of territories within which to integrate colour information, particularly in this task, where there are no obvious colour edges in the stimulus. This dual interaction between di¡erent types of segmentation process in the two cues confers a clear performance advantage, as predicted by computational studies (e.g. Poggio et al. 1988) and consistent with other recent psychophysical and neurophysiological ¢ndings.
In their study on contour localization, Rivest & Cavanagh (1996) found interactions between all pairings of contours de¢ned by luminance, colour, motion and texture and concluded that neuronal responses to the di¡erent attributes must converge in a common neural site before a decision about localization is made. Other evidence supports the conclusion that at some level, contours are represented in an abstract, attribute-independent way. Berkley et al. (1994) demonstrated a tilt after-e¡ect for all combinations of adapting and test contours de¢ned by luminance, motion and illusory contours, indicating contour cueinvariance in the orientation domain. As further evidence for the importance of primitive surfaces in guiding early visual processes, He & Nakayama (1994) concluded that for a rapid texture discrimination task, the visual system cannot ignore information regarding surface layout de¢ned by binocular disparity.
Where in the visual system might the interactions responsible for these e¡ects take place ? Although anatomical and physiological data indicate that colour and motion information are conveyed in distinct pathways in the primate visual system (Livingstone & Hubel 1988; Merigan & Maunsell 1993; Zeki & Shipp 1988) , recent physiological evidence of interactions between colour and motion in the macaque monkey has been found in areas as early as V1 (Sawatari & Callaway 1996) , V2 (Gegenfurtner et al. 1996) and V4 (Ferrera et al. 1994) . Of particular importance to our results is the ¢nding that V4 neurons display the same orientation selectivity for gratings de¢ned either by random dot motion or luminance (Logothetis & Charles 1990) , suggesting an integration of visual cues for the extraction of shape information at this early level. At higher levels, it is known that neurons in macaque inferotemporal (IT) cortex are involved in 2D shape perception, and respond invariantly to representations of the same shape in di¡erent modalities (Sary et al. 1993 (Sary et al. , 1995 . Whether the interaction between motion and colour information in image segmentation demonstrated in this psychophysical study occurs at an early level in the human visual system could be revealed by imaging studies (fMRI/ VEP/MEG) using similar stimuli and tasks.
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